INTRODUCTION
All metallic components that operate at elevated temperatures rely on the formation of a slow-growing, stable and adherent surface oxide to protect it against excessive material loss due to corrosion. At temperatures above 900°C, Al 2 O 3 -forming alloys are most often employed due to the relative ease for alumina to form into a complete layer and the slow growth rate and long-term chemical stability of Al 2 O 3 . There are mainly two types of commercial Al 2 O 3 -forming alloys: the aluminides, such as Fe-Ni-and Pt-Al, and the MCrAlX type alloy, where the addition of about 20at% Cr reduces the amount of Al necessary to establish the protective Al 2 O 3 layer to no more than 10at% 1 . "M" in this case represents the base metal and it can be a mixture of Fe, Ni and Co. "X" are often small amounts of Ti, Zr, Hf, Y and/or other alloying elements. The growth of alumina scales usually follows parabolic kinetics. Rate constants are normally expressed in terms of sample weight gain in units of g 2 /cm 4 s.
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From the rate constants, an effective diffusion rate can be obtained 2 , such that oxidation studies can be used to gain some knowledge of the transport properties through thermally grown oxides. Contrary to creep, oxidation is controlled by the fastest diffusing specie down the fastest path. Due to the low defect concentration in Al 2 O 3 , diffusion is often dominated by the presence of impurities acting as donors or acceptors 3 . In light of the strong effects of cation doping on the creep rates of polycrystalline alumina [4] [5] [6] [7] [8] [9] , it is likely that transport in alumina scales that form by thermal oxidation also depends heavily on the type and level of impurities.
Impurities that are incorporated into the growing alumina scale can come from several different sources. An apparent one is the common surface contaminants that are present before oxidation, such as Na and K 10 , but their concentrations are usually low and can vary significantly from test to test. The most abundant impurity source is base metal components, such as Fe, Ni or Co, which are incorporated as oxides during the initial stage of oxidation 11 . Minor alloying elements added to improve oxidation resistance, often referred to as "reactive elements" 12 , such as Y, Ce, Hf and Zr, are always found in the alumina scale. Studies have shown that they segregate strongly at alumina grain boundaries and alter the scale growth process 13, 14 . Non-metallic impurities that are present in almost all commercial grade alloys may segregate to the scale/alloy interface during oxidation. This has been demonstrated with sulfur 15, 16 whose presence is believed to deteriorate scale adherence 17, 18 . However, it is not certain if the segregated sulfur will diffuse or be carried into the scale to exert any effect on scale growth.
Impurities that will be discussed in this paper, with results drawn from Fe, Ni and Pt based alloys, are base metal components, reactive elements and sulfur. The purpose is to understand if and how impurities affect Al 2 O 3 scale growth rate and transport properties, and then compare that to the effects reported by creep studies. A summary is first given of how these elements are incorporated into the growing alumina scale, what are their concentration and distribution as a function of oxidation time and by what degree do they affect the oxidation rate.
IMPURITY INCORPORATION AND EFFECT ON OXIDATION RATE Base Metal Components
All metals and alloys exposed in the ambient atmosphere contain a thin layer of native oxide that is a few nanometers thick. An example is given in Fig. 1(a) for FeCrAl where the surface oxide consists of an outer layer rich in Fe and an inner layer slightly enriched with Cr. Upon heating the sample to elevated temperatures in air or oxygen, this native oxide quickly thickens and aluminum starts to enrich at the scale/alloy interface (Fig. 1b) . Further oxidation results in a fully established aluminum oxide layer at the scale/alloy interface (Fig. 1c) . Subsequent scale growth only involves thickening of this alumina layer, where all of the initially formed Fe and Cr oxides become incorporated into the Al 2 O 3 layer. Integrating the depth profile curves shown in Fig. 1 over distance, the relative change of scale composition with oxidation time (or scale thickness) can be determined and the results are given in Fig. 2 . The oxide scale that developed during the initial stage of oxidation is clearly seen to contain high concentrations of base metals, in this case Fe and Cr, whose concentrations decrease as the scale develops into a complete 2 layer of the thermodynamically most stable oxide, in this case Al 2 O 3 . This process of initial stage base metal oxidation and the subsequent incorporation of their oxides into the final scale are expected for all alloys 19 . The amount that is incorporated depends strongly on the alloy composition, the oxidation temperature and the oxygen partial pressure in the environment, or sometimes even on the alloy surface finish 20 . Behavior on FeCrAl similar to that reported here has been shown using other surface techniques 21, 22 , and NiCrAl 23 and FeAl 24 also form transient Ni and Cr and Fe oxides respectively.
To determine the distribution of base metal components that are incorporated into the Al 2 O 3 scale, analytical transmission electron microscopy (TEM) was used to examine Al 2 O 3 grains and their grain boundaries from oxide pieces that have been spalled and ionmill thinned 25 . This method avoids contaminations that can result from cross-sectional TEM sample preparation. Scales 0.4 to 5 µm thick, formed on a FeCrAl alloy at 1000-1200°C, were examined. The only impurities detected were Fe and Cr, and their average concentrations in the Al 2 O 3 decreased with scale growth, from about 4 to 0.3 at%. This continued decrease in base metal component concentration in the alumina scale is similar to that seen in Fig. 2 on much thinner scales studied using Auger depth profile. Together, the trend indicates that the Al 2 O 3 scale is becoming purer as it thickens with oxidation time.
The Fe and Cr concentrations in the Al 2 O 3 scale appeared uniform when relatively large areas, i.e. 14 µm, were examined, but they varied greatly from point to point under a 17 nm beam size 25 . This kind of distribution was also found for Ni and Cr in Al 2 O 3 formed on NiCrAl 26 . These local high concentrations probably resulted from small grains of base metal oxides or spinels left from the initial stage of oxidation. The lattice parameter of α-Al 2 O 3 grains within the scale was enlarged with higher concentrations of Fe and Cr 25 suggesting that at least some of these elements are dissolved in the Al 2 O 3 . Due to this random distribution of Fe and Cr throughout the scale, segregation at alumina grain boundaries was more difficult to detect. Point analyses were made at many grain boundaries and within the grains adjacent to the boundary for direct comparisons. About 38% of the boundaries showed higher concentrations of Fe, but none had higher concentrations of Cr. For Pt-based alloys, such as PtAl, the Pt is not expected to oxidize and get incorporated into the scale. However, small amounts of Pt have been found in the gains and on the grain boundaries of α-Al 2 O 3 that formed on PtAl after 2 hours oxidation at 1200°C 31 . The Pt may be incorporated during scale growth or redeposited during crosssectional TEM specimen preparation by ion thinning.
Since base metal oxides are indeed incorporated into Al 2 O 3 scales, and perhaps even segregate at the oxide gain boundaries, it is therefore possible that they may have an effect on transport, hence on the overall oxidation rate. Whittle Figure 3 as a function of the inverse of the oxidation temperature. All of the studies included here are from laboratory tests performed on high purity binary M-Al or ternary M-Cr-Al type alloys, so M (Fe, Ni and Pt) and Cr should be the most abundant impurities incorporated in the Al 2 O 3 scale. Most tests were carried out in one atmosphere oxygen, but some in air. To void extensive crowding, individual contributions are not identified on this figure, but the works are listed in references 31 and 33-58. Different symbols in Figure 3 distinguish different types of alloys. The data scatter from study to study even for alloys with the same composition. Some general trends, however, are apparent. The most obvious is that PtAl's show the slowest oxidation rates. This is somewhat expected, since even if Pt is present in the Al 2 O 3 scale, it should be there as a metal, therefore, not affecting the Al and O transport. If the concentration of other impurities is not high or if they don't play any significant role on transport, these rates can be considered as the "intrinsic" oxidation rate of Al 2 O 3 scales. Comparatively, the Ni and Fe-based alloys oxidized about 8 and10 times faster respectively, probably due to some effects of Ni and Fe on the transport rates of O and/or Al. The presence of Cr does not seem to make any difference on oxidation rates. Fe-based alloys appear to oxidize slightly faster than the Ni-based ones. However, these higher rates may be related to an increase in surface area that resulted from wrinkling of the scale and the underlying alloy 59, 60 . FeCrAl and Fe 3 Al type alloys are especially prone to wrinkling. Such increase in surface area can be as high as 10% 60 , but none of the oxidation rates cited here have been corrected for it.
Sulfur
The segregation of sulfur to growing oxide/metal interfaces has been studied using conventional Auger electron microscopy (AES) with a typical probe size of about 1µm 15, 16, 61, 62 , and with field emission AES of probe sizes ~30nm 63 . The chemical composition of the alloy surface was examined after spalling the oxide scale in ultra high vacuum (UHV) by scratching an oxidized specimen surface 61, 64 . This technique also allows the oxide side of the interface to be examined by analyzing scale pieces that had flipped over during spalling but remained on the specimen surface. The oxide side contained none to very tiny amounts of segregants, most were found on the metal side of the interface. The built up of sulfur as a function of oxidation time at the Al 2 O 3 /FeCrAl and Al 2 O 3 /FeAl interfaces, along with representative AES spectra showing typical compositions, are presented in Figure 4 . These results were obtained from conventional AES, but the same interface segregation behavior has been confirmed by the small probe of FEAES 63 .
A large amount of sulfur quickly saturated at the Al 2 O 3 /FeCrAl interface. The rate was as rapid as one would expect from that of surface segregation, where it is dictated by the diffusion of sulfur in the alloy 61 . The sulfur coverage at the interface was everywhere uniform, whether on interfacial void surfaces or on areas where the scale was in contact 4 with the alloy before it spalled in the UHV. Other than sulfur, there were also excess carbon and chromium at the interface. The carbon segregated during cooling and the Cr co-segregated with sulfur 15, 65 . This co-segregation caused excess sulfur to be present at the interface, giving rise to the high concentration that amounts to ~2 monolayers, where a monolayer is defined as one physical layer on the alloy surface. Similar interfacial composition has been observed for NiCrAl alloys, but without the high concentration of C due to a slower diffusion rate of C in the fcc Ni-based alloy 62 .
For the Fe-Al alloy, sulfur was detected on large interfacial voids at the very early stage, but did not appear at intact oxide/metal interface areas until a complete layer of α-Al 2 O 3 formed at the interface 62, 63 , then the sulfur concentration built up slowly with time. Although the α form is the most stable alumina, the first developed alumina layer is always some transition alumina most often identified as θ or γ-Al 2 O 3 24,66,67 . With time, α-Al 2 O 3 nucleates at the scale/alloy interface 68 until it develops into a complete layer, and the initially formed transition alumina also transforms to the α form with time. The development of an α layer is faster at higher temperatures 24 and seems to be facilitated by the presence of chromium 69, 70 . The fact that sulfur did not start to segregate to the Al 2 O 3 /FeAl interface until the establishment of a complete layer of α-Al 2 O 3 indicates that the process of impurity segregation to growing oxide/metal interfaces is strongly related to scale development. Perhaps it depends on the interface microstructure, as does solute segregation for grain boundary structures [71] [72] [73] . Similar results were also obtained for Fe 3 Al type alloys 16 .
With sulfur being clearly concentrated at the scale/alloy interface, especially so for MCrAl type alloys, the question that follows is whether this interfacial sulfur will be incorporated into the oxide as the scale grows inward. It has been suggested that sulfur influences scale growth, both for alumina 74 and chromia 75 . Using scanning transmission electron microscopy, Fox el al 75 have found sulfur at Cr 2 O 3 scale grain boundaries, and Lees 76 proposed that the presence of sulfur there promotes cation transport at oxide grain boundaries. Whether this is true needs to be confirmed by more studies. Furthermore, whether sulfur is present in the alumina scale is still an open question.
The presence of sulfur within alumina scales have been examined by a few investigations, and these are listed in Table 1 along with any reported effects on the oxidation rate. The data can be separated into three groups. The first compares a normal purity Fe 3 Al alloy before and after a high temperature H 2 annealing heat treatment, which is usually done at 1200°C for about 100 hours in dry H 2 to remove non-metallic impurities. The process reduces the alloy sulfur content to less than 0.2 ppm, hence results in a sulfurfree Al 2 O 3 /alloy interface 77 . The steady state scale growth rate of the H 2 -annealed Fe 3 Al was 50% lower than that of the untreated alloy. However, this rate decrease may not be related to sulfur segregation at oxide grain boundaries, since sulfur was also not detected anywhere in the Al 2 O 3 scale that formed on the untreated alloy 25 .
The second group in Table 1 grains than on grain boundaries. The sulfur found on the circumference of these voids was always associated with higher concentrations of Cr and Fe. It was suggested that these voids nucleated at the scale/alloy interface where S and Cr co-segregated and the interface segregants remained on the void surfaces as the voids are being incorporated into the growing scale 25 . The last group involves deliberately S-doped NiAl 81 and NiCrAl 82 alloys. In both cases, the oxidation rate increased and sulfur was detected in the alumina scale and was found segregated at the oxide grain boundary.
Before drawing any conclusions from the results in Table 1 , it should be noted that sulfur under the TEM beam has been observed to desorb quickly with time 81 . This behavior would make small concentrations of segregated sulfur very difficult to detect. If all the TEM studies that did not detect sulfur were only due to sulfur desorption prior to the analysis, then perhaps sulfur is present at alumina scale grain boundaries and it increases the scale growth rate. Even so, this conclusion can only explain the data for the Fe 3 Al and the Ni-based alloys, but not for the FeCrAl, where growth rates were not altered regardless of the amount of sulfur in the alloy. The effect of S on the oxidation rate and its incorporation and distribution in the alumina scale are therefore not yet clear.
Reactive Elements
The distribution of oxygen active or reactive elements in Al 2 O 3 scales has been studied extensively due to their profound effect on the oxidation behavior of Al 2 O 3 forming alloys 12 . The reactive elements (RE) in concentrations often less than 0.5at%, can be added as oxide dispersions or as dissolved metals. Przybylski et al 13 using analytical TEM on cross-sectional samples were the first to report RE segregation on Al 2 O 3 grain boundaries. Similar segregation has since been observed for almost all RE containing alloys. A number of these 13,31,35,37,83-90 are listed in Table 2 to show the commonality of this behavior, where several types of reactive elements added in different forms in different kinds of alloys were all found to segregate at Al 2 O 3 grain boundaries. The amount that is segregated has been quantified to be about 0.2 monolayer 91 .
Most of the works included in Figure 3 also studied the effect of RE on oxidation rates. When all these rates on RE-doped and undoped Fe, Ni and Pt alloys are compared and plotted on Fig. 3 , the result is a scatter band about two orders of magnitude wide that shows no apparent effect of RE on scale growth rate. This was exactly the conclusion made by Whittle and Stringer 12 and later by Whittle and Hindam 32 . The reason may be due to differences in the process of adding RE to the alloys. The distribution 92 and concentration 34 of RE in alloys are extremely critical for their effectiveness on oxidation. The same RE incorporated in different types of alloys may also show different effects 93 . If more recent data 33, 35, 36, 39, 40, 43, 46 with or without RE addition obtained from the same research group on the same type of alloy are compared, the results show consistent reduction of RE on the oxidation rate. These are summarized in Table 3 . No distinction was made on the different types of RE, even though some RE may be more effective than others in some cases. Hafnium, for example, has been shown to be exceptionally effective in NiAl alloys, reducing the oxidation rate by almost a factor of ten 93 . However, the behavior of different RE's in different alloys has not been clearly characterized, and there is not a trend indicating which RE is more effective in what type of alloy. The rates shown in Table 3 are averages obtained from all the cited experimental data. They could be from 6 several tests of an undoped alloy, or from alloys doped with different reactive elements. These are all causes for the relatively large error bars associated with some of the rate constants. Still, a clear trend can be seen from these results showing that all RE additions in Ni and Fe-based alloys reduce the oxidation rate by about a factor of two. On the PtAl, addition of Zr reduced the rate by a factor of four. Unfortunately only one set of data exist for this alloy, so it is premature to conclude that the RE effect on scale growth rate is greater on Pt-based than on Ni or Fe-based alloys.
TRANSPORT RATES THROUGH ALUMINA SCALES
The grain size of transition alumina that grows initially on alloy surfaces upon oxidation is extremely fine, in the range of a few nanometers 23, 26 . The α-Al 2 O 3 grains that first nucleated at the scale/alloy interface are sub-micron in size 68 . Even with more mature scales, i.e. those that have grown to several microns thick, the oxide grain size is still no more than one or two microns 37, 38 . Owing to these small grain sizes, grain boundaries have always been considered the dominant transport process through alumina scales 1,2 .
The growth of an Al 2 O 3 oxide scale that follows parabolic kinetics is controlled by the diffusion of O and Al through the scale layer according to the following equation
where k p is the parabolic rate constant, d the oxide grain size and D's the respective diffusivities. Assuming the D's are not functions of P O2 and that the contribution from lattice diffusion is insignificant, an effective diffusivity, D eff , which is a combination of the boundary diffusivities of Al and O, can be obtained as
The P O2 is that of the oxygen potential difference across the alumina scale. The parabolic rate constant, k p , in its usual units of g 2 cm -4 s -1 can be converted to the units of D's in cm 2 /s using the density of alumina. Assuming thermodynamic equilibrium at the Al 2 O 3 /alloy interface, the P O2 there would be that of the dissociation pressure of Al 2 O 3 at the oxidation temperature. From most reported microstructure of oxide scales, the average oxide grain size can be taken as roughly 0.5, 1, 1.5 and 2 µm respectively for oxidations at 1000, 1100, 1200 and 1300°C. The range of D eff thus calculated using Eq. 2 from the range of k p 's shown in Fig. 3 is presented as a shaded area in Fig. 5 . On this figure are also plotted grain boundary diffusivities deduced from creep studies. The thick solid line is the boundary diffusivity of Al complied by Cannon and Coble 94 from MgO-doped alumina. Results from works using undoped high purity Al 2 O 3 also fall closely to this line 94 . Aluminum boundary diffusivity deduced from creep studies on Fe, Ni, Cr and Y and La-doped Al 2 O 3 are also included 94, 95 57, 97 , α-Al 2 O 3 was believed to grow predominantly by O inward diffusion, since markers that was placed on the alloy surface prior to oxidation remained on the scale surface afterwards, indicating scale inward growth. Owing to the slow oxygen lattice diffusivity found by tracer studies 98 , the transport path was presumed to be the alumina grain boundaries. The minor amount of aluminum outward transport is believed to contribute to scale lateral growth, causing extensive scale convolution, or wrinkling 54 . Based on the degree of such convolution, whether the scale is detached from the substrate or wrinkled with it, the extent of lateral growth on polycrystalline FeCrAl alloy, for example, can be as high as 20-50% 59, 95 . This shows that the amount of Al outward transport is not trivial. More recent two-stage oxidation studies using 18 indicated more clearly that a considerable amount of Al outward transport indeed occurs during scale growth. In these studies, the oxidation at each stage is done in an atmosphere enriched with one of the oxygen isotopes. The isotope distribution throughout the scale is subsequently determined using spectroscopic methods. Secondary ion mass spectroscopy (SIMS) is the most commonly employed technique 101, [103] [104] [105] . Secondary neutrals mass spectroscopy 102 (SNMS) and other techquies 99,100 have also been used. From the location and the distribution profile of the second stage isotope, the dominant transport specie and its path can be determined 100, 106, 107 . A typical profile from the results of Quakakkers et al 102 is used in Figure 6 as an illustration. The alumina scale was formed at 1000°C on a FeCrAl alloy after oxidation first in 16 O 2 for 2.5 hours to ensure a completely transformed and stable α-Al 2 O 3 layer, then without cooling, the specimen was continually oxidized in 18 O 2 for 5 hours to allow new oxides to grow so its location can be later determined. A large peak of the second isotope, in this case 18 O, is present at the scale/gas interface. Portions of it comes from oxygen isotope exchange, but due to the slow rate of this process 107 its contribution should be small. The majority of 18 O found at the outer surface is therefore due to new oxide formation from the Al that diffused through the scale with the oxygen from the atmosphere. A significant amount of 18 O also exists within the first formed oxide and at the scale/alloy interface. This is the result of oxygen diffusion through the Al 2 O 3 scale forming new oxides at the scale/alloy interface. If the outer and inner portions are integrated and their areas compares, one obtains an outward to inward growth ratio of 0.45. This method is of course not quantitatively precise, but can be used to compare the effect of dopants on the transport properties through alumina scales.
With the addition of reactive elements, a significant amount of Al outward transport is reduced. Table 4 summarizes the percentage of outward growth calculated from oxygen isotope profiles from several different reports 100, 102, 104 . Although the absolute percentage calculated this way is not exact, the amount of reduction caused by RE additions can be trusted. In all cases, RE addition in the alloy, consequently its incorporation and segregation at the Al 2 O 3 grain boundaries, is seen to reduce the outward transport of Al by about a factor of 4. Another well-known effect of the reactive elements is that they alter the oxide grain structure from equiaxed to columnar 108 . The average oxide grain size is also reduced by about a factor of 1.5 to 2.
To summarize the results discussed so far, a table is made to compare effects of Fe, Ni, RE and S incorporation on oxidation rates, oxide grain sizes and the degree of Al outward transport, in an attempt to understand the effects of these impurities on Al and O grain boundary diffusivities. If the oxidation rate of PtAl is taken as a relative reference, the incorporation of Fe and Ni, which increased the rate about 8 Al by RE may be as high as 6-8 times, which is much less than the 10 3 decrease proposed by some creep studies 28 . However, the present conclusion is based on very limited data, where there has been only one study on the effect of RE on the oxidation rate of PtAl, and there is no oxygen isotope studies on PtAl alloys to confirm it. The effect of sulfur is even more of an open question due to the uncertainty of whether S is incorporated into the Al 2 O 3 scale and whether excess S in the alloy really affects the oxidation rate. To further complicate the topic, there may be small amounts of surface impurities, which are not treated in this paper, but may be present in the Al 2 O 3 scale and affect transport rates. In order to truly understand the effect of impurities on oxidation and hence deduce from these data the effect on Al and O transport rates, one needs to start with very high purity alloys and to avoid extensive surface contamination. More studies on the kinetics and two-stage oxidation behavior of PtAl and H 2 -annealed Fe or Ni-based alloys should be performed. These data added to Table 5 can provide valuable information that would aid the current understanding of this subject.
CONCLUDING REMARKS
The most abundant impurities in Al 2 O 3 scales that form on alloys are base metal components. They are incorporated in the growing alumina during transient stage oxidation. Depending on their size and solubility in Al 2 O 3 , they may segregate to grain boundaries, but the effect on transport rates seems small. Oxidation rates of Fe and Nibased alloys are on average higher than that of Pt-based by about eight to ten times. From both oxidation and creep studies, the effect of cation doping on Al boundary diffusion point to a slight increase of Al transport with Fe, but a decrease with reactive elements, such as Y and La. Oxidation studies show that this decrease is no more than a factor of ten. S can be heavily segregated at the scale/alloy interface, but is not always found within the Al 2 O 3 scale. Its effect on Al 2 O 3 scale growth rate is not yet clear. Despite the compatible results found from oxidation and creep studies, there are still not enough data to give a clear understanding of the effect of impurities on oxidation rates or the diffusion rates of O and Al in Al 2 O 3 . This is more so for O than for Al. Work that focuses on the effect of impurities should be carried out in the future. More kinetics and oxygen isotope studies are particularly needed for PtAl and high purity H 2 -annealed alloys, and the reactive element effect on PtAl should be further evaluated.
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